We explore the parameter space of the singlet fermionic cold dark matter model with respect to constraints on, first, the relic density and second, gamma-ray lines up to 10 TeV. We compare our result with the latest experimental data from H.E.S.S., and show that except for the resonance regions, the parameter space of this model is not excluded.
θ < 0.01 and 22000 models for θ > 0.01. We fist implement the relic density bound to derive the allowed parameter space, then the gamma-ray bound reported by H.E.S.S. [19] is used to restrict the available parameter space.
The letter is organized as follows: In the next section we briefly introduce the model of SFCDM. Section III is devoted to explore the parameter space allowed by the relic density condition. In section IV, using annihilation cross section of SFCDM into two photons, we perform numerical calculations on thermally-averaged velocity-weighted of this cross section and compare the results with recent experimental data. In the last section we conclude our results.
II. THE MODEL
We start with the following renormalizable Lagrangian [5] :
where L SM is the SM Lagrangian, L hid denotes the hidden sector Lagrangian which includes DM and L int is for interaction between these two sectors. With the following definitions, this Lagrangian describe the most minimal renormalizable extension of the SM which includes a singlet fermion field, ψ, as CDM:
with
where a singlet Higgs S, in addition to the usual Higgs doublet H, is used as a mediator between SFCDM and the SM particles. Respecting the relic abundance condition, singlet fermion should have a very weak interaction with the SM particles. After spontaneous symmetry breaking we have
and
where v 0 and x 0 are the vacuum expectation values (VEVs) of the SM Higgs and singlet Higgs, respectively. Therefore, the fields h and s are naturally the fluctuations around the VEVs. Diagonalizing the mass matrix as follows gives the mass eigenstates:
The mixing angle θ can be written in terms of the parameters in the Lagrangian (1). The maximal mixing occurs at θ = π/4, so that we can think h 1 as the SM Higgs-like scalar, and h 2 as the singlet-like one. After symmetry breaking, the mass of the singlet fermion becomes m ψ = m ψ0 +g S x 0 , which is an independent parameter in the model. The VEV of our singlet Higgs, x 0 , is completely determined by minimization of the total potential. The SM Higgs mass is fixed to 125.01 GeV according to the 2012 ATLAS [10] and CMS [11] reports. Therefore, we encounter seven independent parameters, in addition to the SM ones, in this model: m ψ , g S , second Higgs mass m h2 , λ 1 , λ 2 , λ 3 , λ 4 .
III. THE RELIC DENSITY
In the early universe when the interaction rate of a particle species drops below the expansion rate of the universe, it gets out of the equilibrium and its density number in the comoving volume does not change. This is called the 'freeze-out' mechanism. A WIMP can be thermally produced through a 'freeze-out' mechanism. A singlet fermion pair, ψψ, can annihilation into the SM fermions, the gauge bosons and the Higgs bosons. The Boltzmann equation gives the evolution of the density number n ψ of a singlet fermion:
where H is the Hubble constant, σ ann v is the thermal average of the annihilation cross section times the relative velocity, and n eq ψ is the equilibrium density number of ψ. As the expansion rate of the universe exceeds the interaction rate of our WIMPs, this species falls out of equilibrium. Now its relic density Ω ψ h 2 which is defined as the ratio of the present and critical densities, is written roughly as follows:
where x F = m/T F is the inverse freeze-out temperature determined by the following iterative equation:
and g * denotes the effective degrees of freedom for the relativistic quantities in equilibrium [20] . The thermally averaged annihilation cross section times the relative velocity, σ ann v is Obviously, the first row is due to the s-channel while the second row indicates the t-and u-channels. The vertices have been introduce in ref. [22] .
where K 1,2 (x) are the modified Bessel functions [21] . The cross section for annihilation of a singlet fermion pair into SM final states and Higgs bosons, σ ann , was reported in ref. [22] . Figure 1 shows the tree level Feynman diagrams for this cross section. The observed relic abundance of CDM is 0.1123 ± 0.0035 [1] . For two different values of m h2 = 1 TeV and 2.5 TeV, we investigate 44000 sample models randomly to cover the parameter space. Each of these two sets includes two parts corresponding to the mixing angle values θ < 0.01 and θ > 0.01. Satisfying the relic density constraint we derive the relative coupling g s . The results are shown in fig. 2 . Since we work at tree level in perturbation theory, all couplings should be less than one. Therefore, the values of g s > 1 in fig. 2 destroy the perturbation expansion.
FIG. 2.
The coupling constant gs for 44000 random sample models (22000 models with θ < 0.01 and 22000 with θ > 0.01) which satisfy the relic density condition with m h 2 = 1 TeV (top) and m h 2 = 2.5 TeV (bottom).
IV. ANNIHILATION TO PHOTON PAIR
The annihilation of a pair of SFCDM into a pair of photon, at leading order, occurs by a Higgs particle through s-channel. Although the photon is massless and cannot couple to the Higgs, the Hγγ vertex can be generated with loops involving massive particles. The leading order Feynman diagrams for this process is shown in fig. 3 . The cross section is written as follows: σv γγ = 1 8πs
where √ s is the energy in the center of mass frame, and
where s 1 and s 2 denote sin θ and cos θ, respectively, and M hj →γγ the amplitude for the decay of a Higgs into two photons. Here, Γ 2 = Γ hhh + Γ hh + Γ SM is the sum of three decay rates for the heavier Higgs; first, the decay rate of a Higgs to three lighter Higgs particles, Γ hhh = and third, to the SM particles, Γ SM . For the lighter Higgs only the decay to the SM particles is allowed i.e. Γ 1 = Γ SM . We can write M hj →γγ as follows [23, 24] :
where
. and g is the waek coupling constant. Here, τ = 4m i 2 /s with i = t, W and
We can then derive the thermally-averaged velocity-weighted annihilation cross section to diphoton σv γγ , by putting the Eq. (13) in Eq. (12) . For all 44000 models, which we considered in the previous section for consistency with relic density, we derive σv γγ and illustrate them in fig. 4 . This figure also shows the latest H.E.S.S. [19] bounds for the Einasto profile. From this figure we see that, there are no points in the parameter space with θ < 0.01 which satisfy the relic density condition along with perturbation criteria. Moreover, the resonance regions inevitably are excluded. For θ > 0.01 there are also some regions of parameter space close to the resonance with cross sections near to the upper limits that may be excluded with future more precise experiments. For m ψ 2m h2 there are no regions with g s < 1, therefore, the perturbation theory used for this analysis is not suitable and maybe the effective theories here can give us more detail. 
V. SUMMARY AND CONCLUSIONS
In this letter we have studied the parameter space of SFCDM model, up to 10 TeV, by computing the leading order of the thermally averaged annihilation cross section times relative velocity, within the perturbation theory. By calculating the annihilation cross section of a DM pair to two gamma-ray lines, we have also confronted it with the latest H.S.S.E. data. We have used the most minimal and renormalizable extension of the SM for SFCDM model. In this model, one adds a singlet fermion as CDM and a new scalar Higgs as a mediator to the SM content. We have scan the relevant parameter space with 88000 sample models; 44000 for m h2 = 1 TeV and 44000 for m h2 = 2.5 TeV. In each case we have separated the parameter space into two parts corresponding to θ < 0.01 and θ > 0.01. We have then
